A B S T R A C T The effect of lowering the pressure of oxygen from 80 to 34 mm Hg was examined in anesthetized dogs that were undergoing a water diuresis. This degree of hypoxia was associated with an antidiuresis as urine osmolality (Uosm) increased from 107 to 316 mosmol/kg H20 (P < 0.001) and plasma arginine vasopressin increased from 0.06 to 7.5 pLU/ml, (P < 0.05).
INTRODUCTION
The effect of hypoxia on renal water excretion has not been clearly delineated. Such an effect has been suggested, however, because chronically hypoxic patients with lung disease may be unable to normally excrete a water load (1) (2) (3) (4) (5) . Although this defect in water excretion is variable and does not correlate with the degree of hypoxia (2) (3) (4) (5) , it has been reported to be improved by the administration of oxygen (1) . Even so, because hypoxic patients often have cardiopulmonary disease and impaired renal hemodynamics, it is difficult to delineate the specific role of hypoxia in any abnormality of water excretion. Thus, interpretation of the effect of hypoxia on renal water excretion is quite difficult in clinical studies of hypoxic patients with cardiopulmonary disease.
In normal human volunteers and experimental animals, induction of hypoxia has been reported to result in increased (6) (7) (8) (9) (10) (11) (12) , decreased (6, (13) (14) (15) , and unchanged (16) urine flow. This variability ofthe effect of hypoxia on urine flow may be related to differences in the degree ofhypoxia, in the magnitude ofassociated renal hemodynamic alterations (7, (17) (18) (19) (20) (21) (22) , in the variable effects of hypoxia on solute excretion (3, (8) (9) (10) 14) , or in associated abnormalities in arterial pH and pressure of carbon dioxide (PCO2) (10, 11) . In view of these contradictory findings, the present study was undertaken to determine the effect of hypoxia on renal water excretion in a setting in which arterial pH and PCo2 were maintained constant and systemic and renal hemodynamics were monitored. METHODS Studies were performed on 56 mongrel dogs of either sex that weighed 25-30 kg. Food was withheld 18 h before the experiment and all animals had free access to water. The animals were anesthetized with intravenous pentobarbital (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) mg/kg), intubated, and ventilated with room air with a Harvard respirator (Harvard Apparatus Co., Inc., Millis, Mass.). Ventilator tidal volume was set at 15-20 ml/kg body weight, and ventilator rate was adjusted to maintain normal alveolar ventilation (Pco2 of 25-35 mm Hg). Anesthesia was maintained throughout the experiment by administration ofsupplemental doses of pentobarbital.
After induction of anesthesia, polyethylene catheters were inserted into both ureters and renal veins through bilateral flank incisions via a retroperitoneal approach. A catheter was placed in the aorta via the brachial artery for continuous monitoring of arterial pressure with Statham transducers (Statham Instruments, Inc., Oxnard, Calif.) and for frequent sampling of arterial blood gases which were measured with a Coming Blood Gas Analyzer (Coming Medical, Coming Glass Works, Medfield, Mass.). Catheters also were placed in the right atrium via an external jugular vein for injection ofcardiogreen dye (Hynson, Wescott & Dunning, Inc., Baltimore, Md.) to determine cardiac output (CO)' as previously described (23) and in a limb vein for infusion of fluid, inulin, and paraaminohippuric acid. In several studies, one kidney was denervated by stripping all visible nerves and adventitia from the renal pedicle and by applying 95% alcohol.
During surgery, animals were administered 2.5% dextrose at 10-15 ml/min for 60-90 min to produce a stable, hypotonic urine flow. Thereafter, 2.5% dextrose was infused at 2-3 ml/min > urine flow. After completion ofthe above surgery, an intravenous infusion of 0.9% sodium chloride solution (0.5 ml/min) was started which contained sufficient inulin and para-aminohippuric acid to maintain plasma levels between 15-20 mg/100 ml and 1-3 mg/100 ml, respectively. The experiments were begun 1-2 h after completion of surgery and stabilization ofurine flow. During the experiments, timed urine collections ranged from 5 to 10 min, and arterial and renal venous samples were obtained at the midpoint of alternate urine collection periods. CO was measured every other collection period. Hypoxia was induced by changing the inspired air mixture from room air to a gas mixture of 10% oxygen in 90% nitrogen. In some studies, respiratory rate simultaneously was decreased by 1-3/min. The experiments were carried out according to the following protocols.
Hypoxia in dogs with intact neurohypophyseal tracts and renal nerves: Group I. In these experiments (seven dogs), urine flow was allowed to stabilize, then three to four control periods were obtained. Hypoxia was then induced by lowering the pressure of oxygen (Po2) to a mean level of34 mm Hg. After 30-60 min of equilibration, another three to four urinecollection periods were obtained during hypoxia. Cessation of hypoxia was followed by another 30-60-min equilibration period and then three to four post-hypoxia urine collections were obtained.
Hypoxia in dogs with intact neurohypophyseal tracts and one kidney denervated: Group II. Because renal nerves have been postulated to play an important role in the renal 'Abbreviations used in this paper: AVP, arginine vasopressin; CH2o, free water clearance; CO, cardiac output; FF, filtration fraction; GFR, glomerular filtration rate; MAP, mean arterial pressure; Posm, plasma osmolality; RVR, renal vascular resistance; SV, solute excretion rate; Uosm, urine osmolality.
response to hypoxia (17, 20) , in these experiments (eight dogs), one kidney in each animal was denervated. The side of denervation was alternated, otherwise the protocol was the same as in group I studies.
In an additional group of six dogs (each with one kidney denervated), a protocol similar to group I studies was carried out. In addition, in these studies the effect of hypoxia on plasma arginine vasopressin (AVP) levels also was assessed. In these studies, blood for AVP determinations was obtained on two to four occasions at 5-min intervals before and 30-60 min after induction of hypoxia.
To insure that hypoxia-induced alterations in ventilation pattern were not responsible for the observed effects of hypoxia on renal water excretion, in six dogs in groups I and II, paralysis with intravenous succinylcholine hydrochloride (1.0 mg/min in normal saline; Burroughs Wellcome Co., Research Triangle Park, N. C.) was performed before the start ofthe control collections and maintained throughout the experiment. The observed effect of hypoxia on any of the measured systemic and renal functional parameters in these paralyzed animals was the same as in nonparalyzed animals. Thus, for statistical analysis, these paralyzed animals were included with nonparalyzed groups I and II animals.
Hypoxia in hypophysectomized dogs: Group III. To determine the physiologic significance of the increases in plasma AVP levels observed in group II animals, experiments (eight dogs) were carried out in acutely hypophysectomized animals in which the source of endogenous AVP had been removed. These animals underwent transbuccal hypophysectomy through the hard palate on the morning of the experiment (24) . After hypophysectomy, all animals received dexamethasone (0.8 mg intramuscular and 0.8 mg intravenous) to avoid any glucocorticoid mediated differences in renal water excretion between intact and hypophysectomized animals. Only hypophysectomized animals which spontaneously exhibited urine osmolalities less than 100 mosmol/kg H20 were used. In addition, none of these hypophysectomized animals had detectable AVP by radioimmunoassay. In five of eight dogs, one kidney was denervated, otherwise the protocol was the same as in group I studies.
Hypoxia in chemoreceptor denervated dogs: Group IV. These studies (six dogs) were performed to examine whether the carotid body chemoreceptor is important in the antidiuretic response to hypoxia (25) . In these studies, animals underwent selective denervation of the carotid body chemoreceptor on the morning of the experiment by the method described by Jacobs et al. (26) . In all animals, completeness of chemoreceptor denervation was assessed by the disappearance of the hyperpneic and pressor response to i.v. cyanide (0.3 mg/kg). In an additional two animals, selective carotid chemoreceptor denervation and bilateral cervical vagotomy was carried out. These animals had intact baroreceptors as assessed by maintenance of pressor responses to temporary occlusion of each carotid artery. All kidneys were innervated, otherwise the protocol was the same as in group I studies.
Hypoxia in baroreceptor denervated dogs: Group V. These studies (four animals) were performed to examine whether intact parasympathetic neural pathways are necessary for the antidiuretic effect of hypoxia. On the morning of the experiment, baroreceptor denervation and bilateral cervical vagotomy were carried out as previously described (27) . In these animals, completeness of baroreceptor denervation was assessed by abolition of the pressor response to occlusion of each common carotid artery below the level of the carotid sinus that was present before denervation. All kidneys in these animals were innervated, otherwise the protocol was the same as in group I studies.
To examine the role of atrial receptors and aortic arch 770 Anderson, Pluss, Berns, Jackson, Arnold, Schrier, and McDonald chemoreceptors in the antidiuretic response to hypoxia, the effect of hypoxia on renal water excretion was examined in an additional three animals after bilateral cervical vagotomy. In these animals, the carotid artery baroreceptors remained intact. All kidneys in these animals were innervated, otherwise the protocol was the same as in group I studies. Studies on the effect of hypoxia on renal response to exogenous vasopressin in hypophysectomized dogs: Group VI. These studies (12 dogs) were carried out to determine if hypoxia alters renal response to exogenous vasopressin. Acutely hypophysectomized, dexamethasone-treated dogs were used. Urine samples for precontrol clearance measurements were obtained. Immediately after these collections, an intravenous bolus of 100 mU vasopressin (Aqueous Pitressin, Parke Davis & Co., Detroit, Mich.) was administered. After a 10-min equilibration period, experimental clearance periods were obtained. After the effect of vasopressin on urine flow had dissipated, postcontrol urine collections were made. After these collections, six dogs were kept on room air, and six dogs were made hypoxic. 30 min after the last postcontrol urine collection, precontrol collections periods were again obtained and were followed immediately by a second bolus of 100 mU vasopressin. As before, clearance measurements were started within 10 min and postcontrol clearance measurements were obtained later, after the effects ofvasopressin had disappeared. This protocol allowed the study of the response to two separate injections of vasopressin in dogs with continuous normal Po2 and in dogs made hypoxic before the second vasopressin injection.
Measurement of plasma AVP. Blood was drawn into test tubes that contained EDTA (Vacutainer Tubes, Becton, Dickinson & Co., Rutherford, N. J.) and centrifuged at 4°C; the plasma was removed and frozen at -20°C. Within 7 days, the plasma was thawed and 1 ml removed. This was acidified with 0.5 ml 1 N HCI and then a 1-ml (3 mg/ml) suspension of Bentonite (Fisher Scientific Co., Pittsburgh, Pa.) was added (28) . The tubes were then vortexed and centrifuged. The supernate was discarded and the Bentonite resuspended in a solution of 1 ml of 80% acetone in 1 N HCI (28) . This suspension again was centrifuged, the supemate removed and then washed with 1 Characteristics of the standard curve. 0.05 uU/ml of standard vasopressin consistently produced a 5% displacement (B/Bo x 100) of the 125I-AVP. The B50 of the standard curve was 0.7 AU/ml.
Recovery ofAVPfrom plasma. When standard vasopressin was added to plasma and then extracted with Bentonite, as described above, the recovery of immunoassayable AVP was 79.3±4.4% of n = 30. This recovery was consistent over a range of AVP concentrations between 0.8 and 5.0 ,uU/ml.
Precision and reproducibility of AVP assay. Both intraassay and interassay coefficients ofvariation were measured at different concentrations ofAVP in plasma samples. Intra-assay variation was performed by assaying 120 samples in triplicate. The concentrations of AVP in these plasma samples ranged between 0 and 5.0 jU/ml. The coefficient of variation was 6% at a concentration of > 1.0 ,uU/ml. At a concentration of 0.4 ,uU/ml, the coefficient of variation was 14%. The interassay variation was determined by performing 14 separate assays on nine plasma samples over a period of4 mo. At a concentration of 1.0 ,uU AVP/ml the interassay coefficient of variation was 28.6%, and at a concentration of 4.5,tU/ml the coefficient of variation was 13.7%.
The threshold sensitivity ofthe assay, which included losses that resulted from the Bentonite extraction, was 0.25,tU/ml. This concentration of AVP was significantly different from blank plasma (P < 0.05).
The analytical procedures and calculations used in these experiments have been referred to elsewhere (29, 30 ). Student's t test, analysis ofvariance with the Scheffe modification for multiple comparisons and the Wilcoxon rank sum test were used where appropriate. A P value <0.05 was considered significant.
RESULTS
Effects of hypoxia in dogs with intact neurohypophyseal tract and renal nerves (Table IA) . In these studies, as P02 was lowered from 79.5+3 to 32.7+2 mm Hg (P < 0.001), an antidiuresis was observed in each animal as urine osmolality (Uosm) rose from 107±+12 to 316+41 mosmol/kg H20 (P < 0.001) and fell to 115+14 mosmol/kg H20 (P < 0.001) in the postcontrol period. This effect of hypoxia on Uosm was associated with a significant fall in free water clearance (CH20) from 2.15±0.4 to -0.05±0.2 ml/min (P < 0.001) which rose to 1.92±0.3 ml/min (P < 0.001) after correction of hypoxia. Hypoxia was not associated with significant alterations in plasma osmolality (Posm) (Posm values before, during, and after hypoxia were 277+4, 275+4, and 273+5 mosmol/kg H20, respectively).
The antidiuretic effect of hypoxia was not associated with significant alterations in arterial pH or Pco2, mean arterial pressure (MAP), CO, glomerular filtration rate (GFR), filtration fraction (FF) (Table IB) . Posm values before, during, and after hypoxia were 275+3, 272+3, and 268±4 mosmol/kg H20, respectively and were not significantly different.
In a separate group of six dogs, Po2 was reduced from 82+4 to 34±5 mm Hg (P < 0.001). In these animals, Uosm rose from 102±10 to 625±156 mosmol/kg H20 (P < 0.02) in innervated kidneys and from 99+10 to 608±156 mosmol/kg H20 (P < 0.02) in denervated kidneys. Although these Uosm values are higher than in other groups I and II animals, the increase in Uosm with hypoxia in this group was variable and ranged from 15 to 910 mosmol/kg H20. A significant increment in plasma AVP was observed in each animal as mean plasma AVP levels increased from 0.06±0.2 to 7.55±3.0 ,uU/ml (P < 0.05). Effects of hypoxia in chemoreceptor-denervated dogs with intact neurohypophyseal tracts (group IV, Table ID ). Studies were carried out on these animals to determine the role of carotid body chemoreceptors in the antidiuretic response to hypoxia (25) . In these animals, as Po2 was lowered from 78.6+4 to 32.5+3 mm Hg (P < 0.001), an antidiuresis was observed in each animal as reversible increases in Uosm (from 113±+15 to 357±+17 mosmol/kg H20, P <0.001) and decreased in CH,O (from 1.82+0.19 to -0.55+0.14 ml/min, (32 Table IE ). These studies were carried out to determine the role of parasympathetic neural pathways which innervate the carotid baroreceptor in the antidiuretic response to hypoxia. In these studies, as Po2 was lowered from 86.3±9 to 39.7±6 mm Hg (P < 0.005), no significant alteration in either Uosm (from 116±12 to 138±18 mosmol/kg H20, NS) or CH2O (from 2.55±0.51 to 1.55 ±0.26 ml/min, NS) was observed. In these animals, hypoxia did not result in significant alteration in MAP, CO, Pco2, pH, GFR, RVR, FF, or SV. MAP, however, was significantly higher in these baroreceptor denervated dogs than in nondenervated animals, a finding previously noted by other workers (33) . Posm values before, during, and after hypoxia were not significantly different (258+5, 256±5 and 253±4 mosmol/kg H20, respectively). These Posm values were nearly identical to those observed in chemoreceptor denervated (group IV) animals who obtained an antidiuresis with hypoxia. However, to further insure that the hypoosmolality observed in baroreceptor denervated animals did not attenuate vasopressin secretion in response to hypoxia, we examined the antidiuretic response to hypoxia in five intact animals from groups I and II who had significant hypoosmolality (mean Posm of260±4 mosmol/lkg H20). Hypoxia in these animals increased Uosm from 102±10 to 408± 78 mosmol/kg H20 (P < 0.005). Thus, hypoosmolality per se in the baroreceptor denervated animals was not responsible for the lack of hypoxiainduced antidiuresis.
In a separate group of three animals subjected to bilateral cervical vagotomy, hypoxia (P02 from 76.2± 10 to 32.4±5 mm Hg, P < 0.005) was associated with a significant increment in Uosm (from 94±17 to 198±54 mosmol/kg H20, P < 0.05) and a significant fall in CH,O (from 2.39±0.6 to 0.67±0.5 ml/min, P < 0.001). In these animals, hypoxia was not associated with significant alterations in pH, Pco2, MAP, CO, GFR, FF, or solute excretion. Hypoxia was, however, associated with a significant increase in RVR (from 0.56±0.03 to 0.73±0.08 mm Hg/ml per min, P < 0.05).
Effects of hypoxia on renal response to exogenous antidiuretic hormone in hypophysectomized dogs (Fig.   1 ).
Studies were performed in these hypophysecto- (39) . These findings, however, appear to be at variance with a recent report in which hypoxia did not consistently raise AVP in conscious man (40) . In this study, hypoxia induced profound hypocapnia. Because hypocapnia results in venoconstriction and thereby increases central blood volume (41) , it is possible that the venoconstrictor effect of hypocapnia served to oppose the AVP stimulatory response of hypoxia. Thus, acute, severe isocapneic hypoxia appears to result in an increase in AVP levels.
To determine the physiological significance of the observed increase in plasma AVP levels, acute hypoxia was induced in acutely hypophysectomized, steroidreplaced dogs that had undectable radioimmunoassayable levels of AVP. Such hypophysectomized animals have been demonstrated to respond normally to exogenous vasopressin (31) . Thus, this model has been used succes-sfully to delineate the role of endogenous vasopressin in the antidiuretic response to a variety of stimuli (24, 30, 31, (42) (43) (44) (45) (46) . In the present study, removal of the source of vasopressin completely abolished the antidiuretic response of hypoxia. In contrast, the antidiuretic response to maneuvers recently performed in our laboratory such as beta adrenergic stimulation (46), thoracic inferior vena cava (30) and portal vein constriction (42) were markedly attenuated but not totally abolished by removal of the source of vasopressin by hypophysectomy. These maneuvers, however, resulted in marked decrements in CO and(or) MAP which were associated with diminished distal delivery of tubular fluid. Marked alterations in MAP and CO were not observed in the present study. Thus, the results of the present study suggest that the antidiuretic effect of hypoxia can be solely attributed to antidiuretic hormone release.
Because no alterations in Posm occurred with hypoxia, further studies were undertaken to examine the nonosmotic pathway whereby hypoxia stimulates vasopressin release. Hypoxia is a known stimulus of carotid body chemoreceptors and a previous study suggested that hypoxia may induce release of vasopressin through carotid chemoreceptor stimulation (25) . Furthermore, hypoxia may induce pituitary release of adrenocorticotrophic hormone via stimulation of carotid chemoreceptors (47) . Hypoxia therefore was induced in dogs with intact neurohypophyseal tracts but denervated carotid body chemoreceptors. An antidiuretic response to hypoxia was observed in these animals. Further studies were also undertaken to evaluate the possible role of atrial receptors and aortic arch chemoreceptors in the antidiuretic response to hypoxia. In these studies, bilateral cervical vagotomy also did not abolish the antidiuretic response to hypoxia. Taken together, the preservation of the -antidiuretic response to hypoxia in carotid artery chemoreceptor denervated dogs and vagotomized dogs suggests that the afferent pathway of hypoxia-induced release of vasopressin does not involve the carotid body chemoreceptor, aortic arch chemoreceptor, or atrial receptors.
The results of recent studies from our laboratory (31, 42, 43, 46) prompted the investigation of whether intact afferent parasympathetic neural pathways are important in hypoxia-induced release of AVP. In these studies performed in dogs with intact neurohypophyseal tracts but denervated baroreceptors, hypoxia did not significantly alter either Uosm or CH20 Thus, these studies suggest that hypoxia may result in release of AVP through induction of alterations in afferent parasympathetic neural tone. In previous studies in which antidiuretic hormone release appeared to be mediated through alterations in afferent parasympathetic tone, decreases in MAP and(or) CO were present (30, 42, 46) . No such alterations in MAP or CO were observed with hypoxia in the present study. Thus, the exact stimulus for baroreceptor-mediated release of AVP remains unclear. However, it is possible that hypoxia results in alterations in sympathetic/parasympathetic interaction. Alternatively, our studies do not exclude a role for baroreceptor/chemoreceptor interaction in modulating hypoxia-induced AVP release (48) .
Finally, studies were undertaken to determine if a portion of the antidiuretic effect of hypoxia could be attributable to the effect of hypoxia to alter renal tubular sensitivity to vasopressin. These studies were important because of the demonstrated significance of aerobic metabolism in maximum urinary concentration (49, 50) . In these studies, an experimental protocol previously developed in our laboratory to study the relationship between prostaglandins and vasopressin was utilized (51) . Previously, this approach clearly demonstrated an enhanced antidiuretic response to exogenous vasopressin in the absence of prostaglandins (51) . However, in the present study, no effect ofhypoxia to increase renal response to vasopressin was detected. Thus, these findings suggest that the antidiuretic effect of hypoxia can solely be attributed to AVP release.
In summary, acute, severe hypoxia results in an antidiuresis. This antidiuresis can be disassociated from alterations in systemic hemodynamics, GFR, FF, SV, and renal nerves. The antidiuresis of hypoxia is associated with significant increments in plasma AVP as determined by radioimmunoassay and can be abolished by removing the source of endogenous vasopressin which suggests that this antidiuresis is mediated via secretion of vasopressin. It is also possible, however, that hypoxia results in an alteration in volume of distribution or metabolic clearance rate of vasopressin that could contribute to the elevation in plasma AVP levels with hypoxia. Further studies are needed regarding these possibilities. The afferent pathway for hypoxia-induced release of vasopressin appears to be mediated via afferent parasympathetic pathways and does not involve the carotid sinus chemoreceptor. Finally, hypoxia does not alter renal response to vasopressin.
